An integrated ion trap and time-of-flight mass spectrometer for chemical and photo-reaction dynamics studies Rev. Sci. Instrum. 83, 043103 (2012) Laser induced and controlled chemical reaction of carbon monoxide and hydrogen J. Chem. Phys. 135, 204303 (2011) Excitonic parameters of GaN studied by time-of-flight spectroscopy Appl. Phys. Lett. 99, 101108 (2011) An LIF characterization of supersonic BO (X2Σ+) and CN (X2Σ+) radical sources for crossed beam studies Rev. Sci. Instrum. 82, 083107 (2011) Additional information on Rev. Sci. Instrum. We have developed an orthogonal-acceleration time-of-flight mass spectrometer to study the volatiles produced when a mineral's shock-compressed state is isentropically released, as occurs when a shock wave, driven into the mineral by an impact, reflects upon reaching a free surface. The instrument is designed to use a gun or explosive-launched projectile as the source of the shock wave, impact onto a flange separating a poor vacuum and the high vacuum (10 −7 Torr) interior of the mass spectrometer, and transmission of the shock wave through the flange to a mineral sample mounted on the highvacuum side of the flange. The device extracts and analyzes the neutrals and ions produced from the shocked mineral prior to the possible occurrence of collateral instrument damage from the shockinducing impact. The instrument has been tested using laser ablation of various mineral surfaces, and the resulting spectra are presented. Mass spectra are compared with theoretical distributions of molecular species, and with expected distributions from laser desorption.
INTRODUCTION
Impact events are a dominant process in planetary formation and evolution. During an impact event, kinetic energy of the impactor drives both physical and chemical changes in the immediate event vicinity. Depending on the impact velocity and on constitutive and thermodynamic properties of both impactor and target, impacted media are partially or completely converted to liquid, gas, or even an ionized state. 1, 2 In addition, chemical reactions, including dissociation and recombination, can take place within the resultant fluid phases, especially in gas-phase and ionized species. [3] [4] [5] Understanding the chemical changes associated with impacts is essential to understanding the impact accretion planetary formation process as it occurs on different lengths and timescales upon the initial differentiation and evolution of planets. Toward the end of the Earth's accretion, impacts from the increasingly larger planetesimals (which themselves accreted to masses within the planetary range) resulted in at least one giant collision that is hypothesized to have resulted in Moon formation. [6] [7] [8] It appears likely that giant impacts led to further processing of the Earth and other planetary surfaces. On Earth-like planets, after the creation of the initial atmosphere, and later, the biosphere, large impacts are thought to have induced substantial transients in global climate, and for only giant events, these transients appear to have affected the evolution of life on Earth. Similarly, understanding the chemistry of smaller impacts-especially micrometeorites-is necessary for intera) Author to whom correspondence should be addressed. Deceased. pretation of data from planetary missions such as Stardust, 3 as well as for studies of impact-induced formation of organic species. 9, 10 The mass extinction at the Cretaceous-Tertiary (K-T) boundary, 65 million years ago, is believed to be the result of global environmental changes caused by an impacting asteroid, 11 but the nature of specific changes that took place remains uncertain. Several models have been proposed, differing partially by varying assumptions about the chemical speciation of materials vaporized or aerosolized during the impact. Large quantities of released CO 2 (from calcite) or H 2 O could have produced a greenhouse effect. 12 Alternatively, SO 2 or SO 3 released from gypsum and anhydrite present at the impact site may have been converted to sulfurous or sulfuric acids, creating acid rain or aerosol clouds. [13] [14] [15] Carbon monoxide has also been proposed as the dominant product, significantly modifying global atmospheric chemistry. 16 Other proposed mechanisms include global cooling from a blanket of dust or soot, 17 acid rain from nitric acid, 18, 19 and radiative heating. 20 Identifying the most likely of these proposed mechanisms requires knowing the amounts of each chemical species released during the impact.
Hypotheses about chemical speciation in such an event are challenging to test either theoretically or experimentally. Scaling the results of small-scale experiments to a largescale event requires numerous assumptions, such as the extent to which species reach chemical equilibrium in the impact plume, and the kinetics of all reactions. Regardless of the extent to which a plume approaches chemical equilibrium, predicting the final chemical species requires knowing the original species vaporized by the shock/rarefaction wave.
In three previous experiments designed to study impact chemistry, Boslough, 21 Tingle, 22 and Tyburczy 23 used a gun to launch metal projectiles onto mineral samples. The vapor produced in the impacts was collected and later analyzed by mass spectrometry, however, post-impact reactions (i.e., on the vessel wall) and contamination from the projectile propellant may have affected or obscured some of the chemistry of the system. Studies using electrostatically accelerated microparticles have also been carried out in which impactgenerated ions were analyzed in situ using time-of-flight mass spectrometry. 5, [24] [25] [26] [27] [28] [29] [30] [31] These studies have been limited to metal, polymer, and coated particles, and have not studied minerals of interest to the question of chemical speciation in impacts. Kawaragi used mass spectrometry and isotopic labeling to identify the gaseous species produced in pressed calcium carbonate powder samples shocked using a laser-accelerated flyer plate. 16 In any case, in situ composition measurements of the vapor produced in impacts of mineral samples remain to be made.
We are developing an instrument that would allow direct, in situ mass spectrometric measurements of the vapor produced at the free surface of a mineral subject to a shock wave. This instrument, the impact vaporization mass spectrometer (IVMS), is designed to be used in conjunction with a light-gas gun or explosive shock source, but a preliminary demonstration of the instrument capabilities utilized a pulsed nitrogen laser to produce mineral vapor. Rapid ionization, extraction, and analysis of vaporized neutrals allow the instrument to be used in a setting in which the mineral sample is destroyed (and possibly, after data are reported, mass spectrometer vacuum is broken on account of late-time collateral impact-induced damage). Because species released from the mineral sample are extracted and analyzed immediately upon formation, and because of the speed of time-of-flight mass spectrometry, the analysis can be completed prior to introduction of any contaminants from the projectile, propellant, or atmosphere. These sources of potential contamination can be effectively excluded from the analysis even if vacuum is broken.
This paper focuses on instrument design and operation. A preliminary demonstration of instrument performance, in which a pulsed laser is used to produce mineral vapor from calcite and gypsum, is also presented. Laser vaporization results are discussed both in the context of instrument performance and also in comparison to calculated equilibrium speciation for the minerals used. Figure 1 shows the design of the orthogonal acceleration time-of-flight mass spectrometer for analysis of impactinduced mineral vaporization. The device consists of the mounted mineral sample, the ionization region, collimation optics, a push-out pulser, drift tube, and ion detector. The instrument is housed in a custom-built vacuum chamber using standard con-flat flanges wherever possible. With the gate valve to the tubromolecular pump open, the vacuum pressure in the time-of-flight drift tube is 3 × 10 −7 Torr (uncorrected), and is expected to be similar in all other areas of the vacuum chamber.
METHODS
A thin, polished mineral sample is mounted onto a driver plate such that one surface of the mineral is in the highvacuum region of the mass spectrometer, and the other surface is in physical contact with the driver plate. Samples used in preliminary demonstrations were 5-7 mm in diameter and 100 μm thick, double polished. The sample size and polish were chosen to provide a compromise between ease of manufacture and the amount of material that would be released into the system under high-velocity impacts. An accelerated projectile strikes the driver plate, and the resulting shock is transmitted to the mineral sample. As the shock wave reaches the free surface of the mineral, neutrals and some ions are produced. For calibration experiments the samples were simply epoxied to the driver plate, but for impact experiments the method of mounting and degree of physical contact will be important.
Directly in front of the mineral surface is an electrode grid (Ni electroformed mesh, 90% transmission, Buckbee Mears, St. Paul, MN), the potential of which can be varied to select either evolved ions or neutrals for further analysis. Past this plate is the electron ionization region, in which an electron beam is directed. The electron energy was chosen to be 70 eV at the point of impact with the neutrals so that ionization efficiencies and fragmentation patterns will be similar to the majority of previous work using electron ionization. 32 A small fraction of the neutral species (typically 1 in 10 4 -10 6 ) is ionized as they pass through the electron beam. The electron current (typically <100 μA) is monitored by a custombuilt Faraday cup detector, mounted on the opposite side of the ionization region. The electron beam is on continuously during an experiment. Immediately past the electron beam, and constituting the end of the ionization region, is an extraction grid. After ions pass through the extraction grid they are accelerated through 100 V to draw them quickly into the collimating ion optics. The residence time of neutrals/ions in the ionization region is on the order of 5-10 μsec based on typical molecular velocities and the dimensions of the ion optics, which is comparable to typical ion residence times in conventional electron ionization sources. A small electric potential (several volts) in the ionization region is used to extract newly formed ions more quickly than thermal velocities would otherwise carry them. This field also bends the electron beam through the ionization region, so two sets of compensating deflection plates (not shown in Figure 1 ) are used to steer the electron beam.
Mass resolution in orthogonal acceleration TOF is directly related to the degree of collimation of the ion beam at the point of the orthogonal push-out pulse. An Einzel lens is used to collimate the ion beam. The beam then enters the orthogonal acceleration region, where a push-out pulse sends a portion of the ions into the mass spectrometer drift tube. The timing of the push-out pulse is critical: the pulse must be timed to coincide with the bulk of the ion beam. Presumably, there will be some temporal distribution of neutrals produced from the shock wave, and there will also be a distribution of initial kinetic energies among these neutrals, so ions will reach the orthogonal acceleration region over a finite time period. Varying the timing of push-out pulse relative to the vaporization event may allow a rough time history to be compiled which would add further understanding to the vaporization process. It is expected that species created as ions at the 1 . Schematic of the impact vaporization mass spectrometer. Top: a high-velocity projectile strikes a driver plate, onto which is mounted a thin, polished mineral sample. The resulting shock wave releases neutral and ionic species from the mineral. In laser calibration experiments, ionization is realized by focusing a pulsed nitrogen laser onto the mineral. Neutrals released from the mineral are ionized by the electron beam, and the resulting ions are collimated, then pulsed into a time-of-flight mass spectrometer. Ions created at the mineral surface are similarly analyzed, but without the additional electron-ionization step. Ions can be excluded from analysis of neutrals using a repelling grid near the sample. Neutrals are not detected during analysis of ions be turning off the electron beam. Below: an enlargement of the orthogonal acceleration region showing representative ion trajectories. The use of two extraction grids at different voltages (dual-stage extraction) pushes the space-focus plane of ions out to the ion detector for improved mass resolution. surface will, on average, reach the orthogonal acceleration region faster than species created as neutrals and ionized by the electron beam, so timing of the pulse must take into account also whether ions or neutrals are being analyzed.
The drift tube is electrically floated at −2000 V in order to keep other instrument components-especially the ionization and acceleration regions-at potentials near ground. Ions are accelerated using dual-stage extraction, pass through a 1.3 m drift tube, and are detected using an electron multiplier detector (ETP discrete dynode type, SGE Analytical, Austin, TX). The ion time-of-flight signal is amplified using a fast preamplifier (Ortec VT-120, Oak Ridge, TN), then digitized and recorded using a 200 MHz digital storage oscilloscope (Tektronix, Beaverton, OR). The original system design included a reflectron to improve resolution. However, for lighter molecular species, this level of resolution is not needed, so a straight drift tube was used instead.
The IVMS instrument is designed so that mineral samples can be shocked using a high-velocity projectile. For faster or larger projectiles, the driver plate will be damaged, and the vacuum system compromised during the experiment. In addition, the projectile will continue its forward motion after initial contact with the driver plate, and may destroy ion optics in the ionization and pulsed-acceleration regions. Although a thicker driver plate might alleviate this problem, it would likely result in attenuation of the shock wave and reduced vaporization at the mineral surface. The instrument design is such that ions are produced and promptly accelerated to a sufficiently high velocity that ions will reach the detector before inrushing gases and physical damage compromise the instrument. The ion optics and possibly the ion detector will be destroyed during each impact experiment and will need frequent replacement. The electronics and other components are isolated and set up in such a way as to minimize damage, and also to ensure that downstream components are not affected until after the ions are clear of that area of the instrument. The vacuum chamber can be isolated from the pumping system by a gate valve immediately prior to the experiment, so as to minimize pump damage if vacuum is compromised due to penetration of the impactor through the drive plate. Once this gate valve is closed, vacuum pressure will start to rise in the main chamber, so the experiment must be conducted promptly. For smaller projectiles this step is not necessary.
Initial testing of this instrument design was carried using a pulsed laser, rather than a projectile, to vaporize the surface of mounted mineral samples. A pulsed nitrogen laser, 337 nm, Rev. Sci. Instrum. 2 . Spectra of (left) calcite, and (right) gypsum samples using laser desorption and electron ionization. These spectra represent neutrals produced during the laser desorption that were subsequently ionized. Ions produced during the laser desorption were excluded from this analysis by the electrostatic deflection grid.
300 mJ/pulse, 4 μsec pulsewidth, was focused using standard optics to a small ( 1 mm) spot size on the mineral samples.
The laser was brought in through a viewport at the end of the vacuum chamber (see Figure 1) . Although having the focusing optics so far from the sample (25 cm) is not optimal for laser ionization, it is adequate for instrument calibration. Under these conditions, both ions and neutrals were produced from the laser pulse. Analysis of the laser-generated ions was conducted by simply extracting the ions through the collimation region with the electron beam turned off. Analysis of neutrals was accomplished by repelling ions with the electrode plate in front of the mineral, and allowing only neutrals into the electron ionization region. The orthogonal push-out pulse was set to a 20 μsec delay after the laser firing, and had a rise time on the order of 300 ns and an amplitude of 600 V. Minerals used in these laser experiments included calcite (CaCO 3 ) and gypsum (CaSO 4 · 2H 2 O).
To supplement the experimental results, chemical equilibrium calculations on gypsum were carried out using the TOP20 thermodynamic modeling program. Speciation of both neutral and ionized species at various temperatures were calculated in order to compare with the results of the laser desorption experiments. The pressure in all calculations was held at 1×10 −3 bar in order to approximate the ablated material in vacuum. Figure 2 shows time-of-flight mass spectra of laserdesorbed neutrals from calcite and gypsum samples in the IVMS instrument, using the laser setup and conditions described above. In the spectrum of neutrals produced from calcite, observed peaks include those for CO 2 and CaO, with an additional strong peak at m/z = 2. The peak at m/z = 2 could correspond to H 2 , which is unexpected. A peak for H 2 + (formed as an ion in the impact) has been observed in microparticle impact experiments, and has been suggested as being formed in a recombination reaction just above the sample surface. 5 Neutral H 2 may also be formed in such a case. The H 2 peak could also be due to adsorbed hydrogen on the calcite surface. Bulk calcite should be free from hydrogen.
RESULTS AND DISCUSSION
The spectrum of neutrals evolved from gypsum shows peaks for electron-ionized H 2 O, CaO, and SO 2 , and an unidentified peak at m/z = 31. The presence of water is not unexpected from a hydrate mineral. Calcium oxide is present, as it was with calcite. The peak at 31 is small and could be due to noise, or could be caused by the fragment ion, S + , with poor mass accuracy. Peaks for molecular or atomic hydrogen are absent. The peaks in these spectra show better than unit mass resolution. Figure 3 shows the theoretical speciation at equilibrium of both neutrals and ions for gypsum, calculated using The experimental spectrum of gypsum shows only polyatomic species, implying a similarly low temperature. Of course, under laser desorption a system may not be at chemical equilibrium, but the general trends do provide some information about the energy range at which volatiles are produced. In addition, fragmentation may occur by different mechanisms between thermal equilibrium systems and rapidly heated systems produced by a pulsed laser. In the above spectra, no pairs of peaks corresponding to electron-impact fragmentation are visible; however, the low intensity of all peaks makes it difficult to make any conclusions about ion fragmentation.
For shock-induced vaporization as well as laser desorption, fragment ions could be created by one of two mechanisms: fragmentation as species are desorbed from the mineral surface, or fragmentation as a result of electron ionization. Understanding the former effect requires an estimate of the magnitude of the latter effect. In laser desorption, fragmentation is strongly dependent on laser power, and can range from no fragmentation to complete atomization, similar to the effect of temperature in Figure 3 . As a result, no information about this process can be obtained from the experiments reported in this paper. Electron ionization of most molecules produces fragmentation, although some molecules will be ionized and detected intact. The extent of electroninduced fragmentation will vary between different molecular species, as also the electron ionization efficiency will vary, but both can be taken into account through calibration using pure compounds. For sulfate minerals, the speciation between SO 3 and SO 2 at the surface is of particular interest, so the degree of fragmentation of SO 3 from electron ionization will need to be determined and taken into account in future work.
The relationship between laser-induced ions and neutrals, and those produced by an impact has been detailed by Kissel and Kreuger. 2 Laser irradiation provides primarily electronic excitation, while an impact deposits energy primarily through lattice distortion. Both methods produce ions and neutrals, however, laser irradiance produces roughly 100 times more ionization than an impact at a given energy density.
2 Both methods produce vapor with similar efficiency. For the present study, the energy density delivered by the laser was not directly measured (which would require an accurate measure of the focused spot size). Because the total energy per pulse of 300 mJ produced a measurable quantity of neutral species, shock-induced vaporization with energy down to at least this level is expected to work in this system.
The time history of vaporization is convoluted with the distribution in initial kinetic energies of neutrals and ions. However, to a limited extent both of these effects can be explored with this experimental setup. Varying the orthogonal push-out pulse will sample ions that have reached the pushout region at different times. This time variation is the result of both the spread in time of formation of evolved neutrals and the initial kinetic energy. Faster neutrals evolved later may reach the push-out pulse region at the same time as slower, earlier neutrals. Assuming a spread of 100 m/s in initial velocities, resolution of the time at which neutrals are evolved is limited to 20 μsec. Conversely, if the neutral evolution is much shorter than this, the measured time history will be dominated by the initial velocity spread, which can then be measured. Observing the time history of evolved ions-species formed as ions on the surface-will indicate the timescale of evolved neutrals.
CONCLUSIONS
An orthogonal-extraction time-of-flight mass spectrometer has been developed for characterization of shockedinduced mineral vaporization. Initial experiments using laser ablation/ionization of mineral surfaces demonstrate the performance of the ion optics and electron ionization. Future experiments using this system are planned using small explosive-driven projectiles, which will allow fine-tuning of the experimental procedure before destructive experiments with larger projectiles.
